Abstract. Sources of heavy metals and various micropollutants and their journey into the environment are relatively well studied today. One of the areas where a large proportion of micropollutants end up is wastewater treatment plants (WWTP); therefore, plant operators have become increasingly concerned about how to meet pollution requirements and to reduce pollutant loadings to the environment. This study analyses two possible technological alternatives to remove micropollutants using powdered activated carbon (PAC) by conducting laboratory tests. In the first alternative, a tertiary treatment was conducted with PAC dosed into the treated effluent of the operating WWTP. In the second alternative, PAC was dosed into the bioreactor. The decrease in organic matter and organic micropollutants was measured using the sum parameter total organic carbon (TOC). The tests revealed that for the removal of Cu and TOC the tertiary treatment was more effective, with removal efficiencies of 10.9% and 82.1%, respectively. On the other hand, dosing PAC into the bioreactor had a better removal efficiency for Cr (48.3%), Ni (67.5%), Zn (55.4%), Pb (36.3%), and As (66.7%). As to the removal efficiencies per 1 g of PAC, the highest effect was achieved with the dose of 34 mg/L of PAC dosed into the effluent and 14 mg/L of PAC dosed into the bioreactor. Consequently, the selection of technology requires assessment of the capital costs, operating costs, and sludge treatment technology because dosing PAC into the bioreactor will move all the adsorbed hazardous compounds into the sludge phase, thereby making an immediate use of the sludge complicated.
INTRODUCTION
* Micropollutants, such as heavy metals, pharmaceutical residues, herbicides, pesticides, and other organic compounds, are causing increasing problems in the environment. Heavy metals are released into the environment through various initial sources, such as cosmetic products, roofing materials, brake pads of vehicles, water pipes, and industrial wastewater, among others. Hazardous compounds are mainly transported by water and air [1] . Various organic pollutants, such as pharmaceutical residues, pesticides, herbicides, and residues of cleaning the results of two different studies, Ong et al. found that heavy metals can be ranked as follows according to their toxic properties: Cd > Cu > Zn > Cr > Pb, where Cd has the largest effect and Pb has the smallest effect; or, Cd > Cr > Cu > Pb > Zn, where the effect of Zn is the smallest [2] .
There are approximately 3000 different active pharmaceutical ingredients and more than 300 pesticides and biocidal products commercially available [8, 9] . These compounds can end up in wastewater treatment plants (WWTPs) via human metabolism, washing of fruits, improper handling, or by being carried along with stormwater. Ordinary treatment plants only remove some of these compounds, while a large proportion either degrades partially or accumulates in sludge [10] [11] [12] . Although micropollutants in the influent of WWTPs are in very low concentrations (nano-and micrograms per litre), various studies have shown that they nevertheless affect living organisms. Especially as a result of combined factors -many of these compounds are designed to be biologically active, have resistant molecules to ensure their effect, and are not readily degradable -they accumulate and are released into the cycling of substances in the same way as heavy metals [10, 13] . Because the monitoring of individual organic micropollutants is complicated and expensive, the sum parameters total organic carbon (TOC) or dissolved organic carbon (DOC) are increasingly used to measure these compounds [9, 14] .
For the removal of heavy metals, ion-exchange methods, electrodialysis, coagulation, membrane filtration, biosorption, and adsorption are widely used [3, 6, 15] . For the removal of organic micropollutants, mainly adsorption and advanced oxidation processes are used [9, 16, 17] . However, in the wastewater treatment process it is important to look at all the hazardous compounds in their entirety in order to find the optimal technical solution for the removal of both heavy metals and other micropollutants. Table 1 compares several treatment processes for removing various micropollutants.
Each of the technologies has its advantages and disadvantages. For example, advanced oxidation processes oxidize most of the active pharmaceutical ingredients, but it is not guaranteed that the oxidation process will be completed to CO 2 , i.e. a risk remains that intermediate products having an unknown effect are produced [23, 24] . Biosorption also has disadvantages because a prerequisite for this process is that the substances to be removed cannot be toxic and the removal takes place through sludge, which does not allow for later reuse of the sludge [22, 25] . The coagulation of heavy metals works efficiently for removing specific heavy metals, but requires that the pH be often changed and neutralized before the effluent can be released into the environment. In addition, the removal is carried out through sludge, which excludes the possibility of immediate reuse of the sludge. Moreover, coagulation is not the best solution to achieve very low concentrations of heavy metals [22] . Membrane filtration removes most of the micropollutants, but leaves a concentrated retentate, which then requires additional treatment, such as with O 3 + powdered activated carbon (PAC) or granular activated carbon (GAC) [22, 26] . Table 1 shows that the most reasonable method is to remove micropollutants by applying adsorption. Although adsorption with activated carbon is an equilibrium process, many of the pollutants do not respond to physical adsorption and the resulting relationship between the adsorbent and the adsorbate is often weak; thus, the implementation of this process for each individual WWTP will require a specific preliminary study [27, 28] . Besides, whether the treatment plant would require any additional technological solutions depends on the dosing point. For example, applying PAC as a tertiary treatment requires a mixing chamber and post-filtration or a settlement tank. Dosing PAC into the bioreactor increases the proportion of hazardous compounds in the sludge and reduces it in the effluent, so it is likely that the sludge must be incinerated and cannot be easily put back in circulation [29] .
The aim of this study was to compare the removal of heavy metals and total organic carbon (TOC) by using PAC, as illustrated by an example of an operating WWTP. The analysis compares two PAC dosing point options, treatment efficiencies, and their advantages and disadvantages.
MATERIALS AND METHODS
The comparison of technologies for the removal of heavy metals and TOC was conducted by using activated sludge and effluent from an operating municipal WWTP. The WWTP has the following process steps: screens, sand traps, pre-precipitation of phosphorus, primary sedimentation tanks, bioreactor, post-precipitation of phosphorus, secondary sedimentation tanks (clarifiers), and anaerobic stabilization of sludge. The basic parameters of the activated sludge process are mixed liquor suspended solids (MLSS) 4200 mg/L, sludge retention time (SRT) 16 days, food-to-mass (F/M) 0.05, and hydraulic retention time (HRT) in the bioreactor 8 h. The average loads received at the WWTP are presented in Table 2 .
Two technological options for removing heavy metals and TOC were compared, namely the tertiary treatment of the effluent (after biological treatment) with PAC In addition, the water temperature, pH, and conductivity were registered. The PAC tests were conducted as batch tests in 1000 mL of effluent, with the addition of 10, 25, 50, and 100 mg/L of PAC followed by mixing in the laboratory reactor at 250 rpm. To study the effect of HRT, samples were taken at intervals of 5, 10, 20, 60, and 90 min. To study the effect of different doses, samples were taken 10 min after dosing the activated carbon; a longer HRT would require a very large mixer, which is not possible with the existing treatment plants. The effluent samples were filtrated through a 10 m filter that imitated the disc and cloth media filters widely used in the tertiary treatment of wastewater.
The model test was conducted on the model of a WWTP (Fig. 2) , where the volume of the anoxic part was 3800 mL, the volume of the aerobic part was 10 800 mL, the HRT of the whole process was adjusted to 8 h, which is the average HRT needed to carry out the biological treatment, and the average MLSS was 4200 mg/L (determined by applying EVS-EN 872 standard). The flow rate of the return activated sludge was 180% compared to the incoming flow rate. Before and after the test, the pH, conductivity, temperature, and the concentrations of Zn, Cu, As, Pb, Cr, Ni, N tot , P tot , PO 4 , NH 4 , and TOC were determined.
The analysis could not take account of the heavy metals already present in the activated sludge, which also cannot be taken into account in actual WWTPs. However, it was beneficial to determine how PAC affected the adsorption of heavy metals and the equilibrium processes, that is, to analyse how the heavy metals, TOC, and PAC dose were related.
RESULTS AND DISCUSSION
In Test 1, PAC was dosed into the effluent of an operating WWTP in different concentrations in order to determine the optimal PAC dose for the removal of heavy metals and TOC. The HRT chosen for the process was 10 min because after that the equilibrium concentration was Fig. 1 . Schemas of the conducted tests. In Test 2 (APAC), PAC was dosed into the bioreactor. In Test 1 (PAC), PAC was dosed into the effluent taken from the clarifier. achieved for most of the heavy metals. At the beginning of the test, the pH of the water was 7.22. The higher the PAC dose added, the higher the pH of the test reactor; at 100 mg/L of PAC, the final pH was 7.5, i.e. PAC reduced the acidity of the water. The conductivity of the water before the test was 1200 S/cm, and at the highest dose of PAC, the equilibrium value reached 1191 S/cm, i.e. the adsorption did not have a significant effect on conductivity. The results of Test 1 are presented in Fig. 3 and of Test 2 in Fig. 4 .
As for Cr, the initial concentration was 0.86 g/L and the PAC concentrations dosed were 10, 25, 50, and 100 mg/L. The treatment efficiency increased linearly as the PAC dose increased: at 10 mg/L of PAC, 1.2% of the Cr was removed, and at 100 mg/L of PAC, 25.6% of the Cr was removed. The initial concentration of Cu was 9.25 g/L and the removal efficiencies of PAC doses were 15.7%, 54.6%, 62.2%, and 54.6%, respectively. That is, the maximum Cu removal of the equilibrium system was achieved at 50 mg/L of PAC, and the removal efficiency started to decrease again when dosing 100 mg/L of PAC. Similar dynamics of removal also occurred for Zn, where the maximum adsorption of 21.8% was achieved at 50 mg/L of PAC, and further increase in dosing did not increase the removal efficiency. The optimal response to adsorption (maximum removal >30%) was achieved for Cu, Pb, and TOC, where the highest treatment efficiencies were 62.2%, 37.1%, and 90.8%, respectively (Fig. 3) . However, Cr, Ni, Zn, and As did not respond to the adsorption process so well: their maximum treatment efficiencies were 25.6%, 18.9%, 21.8%, and 16%, respectively. In the case of TOC, the most effective dose of PAC was 25 mg/L, at which the removal efficiency was 90.8%. For Cu, Zn, and Pb, the most effective dose was 50 mg/L of PAC, and for Cr, Ni, and As, the most effective dose was 100 mg/L of PAC.
Ong and co-authors found in their batch tests conducted with synthetic wastewater, at initial heavy metal concentrations one thousand times higher, and with an HRT 30 times longer than that in this study, that the optimal responses to PAC adsorption were achieved for Cu, Ni, and Zn, and that poor responses were observed for Cd and Cr [2] . The difference in the adsorption of heavy metals compared to that in this study was likely due to the additional compounds, which also adsorb and reduce the specific adsorption of heavy metals. A study conducted by Karnib and co-workers found that the efficiency of adsorption at low concentrations of heavy metals (30 mg/L) was ranked as Ni (90%), Cd (86%), Zn (83.6%), Pb (83%), and Cr (50.6%) [30] . According to the results of our study, the same ranking was Ni > As > Zn > Cr > Cu > Pb. For a better comparison of the removal efficiencies, Fig. 5 presents the mass removed per 1 g of PAC (Qe).
In Test 2, the pH in the bioreactor before dosing with PAC was 7.32, and the conductivity was on average 1534 S/cm. The pH in the bioreactor rose and the conductivity decreased as the PAC doses increased. At the maximum PAC dose of 100 mg/L, the pH rose to 7.49 and conductivity fell to 1194 S/cm. The decrease in the parameters was due to the absorption with PAC as well as the sorption by biomass, which was not studied individually. However, the sorption by biomass can be explained by the comparison of Test 1 and Test 2, the results of which are presented separately in Fig. 5 .
As to the removal efficiencies and the initial and final concentrations of Cr, it was found that the smallest PAC dose (10 mg/L) removed 55% of the Cr, and increasing the PAC dose did not improve the treatment efficiency, instead it worsened. As for Cu, the initial concentration in the first series of tests was very high in comparison to that in the other series, but with the PAC dose of 10 mg/L, a removal efficiency of 94% was achieved. Optimal responses to the APAC process were achieved for Cr, Cu, Zn, Pb, As, and TOC, where the maximum removal efficiencies were 55%, 94%, 87%, 82%, 48%, and 87%, respectively. Biological processes enhanced TOC removal, where heterotrophic microorganisms used the readily degradable dissolved organic matter in their vital functions [10, 31] . The removal of Ni in these tests was poorer compared to the other parameters, with a respective removal efficiency of 13%. The average treatment values for Test 1 and Test 2 are presented in Table 3 .
As can be deduced from Table 3 , in terms of the removal efficiency, the two different technological concepts for the removal of Cu, Ni, and TOC proved to be similar, with approximately the same efficiency 15% achieved for each. At the same time, the differences in the removal of Cr, Zn, Pb, and As were larger; the APAC process proved to be more effective, with removal efficiencies more than 2 times greater than those of the PAC process. This may have resulted from biosorption or sorption, where these specific heavy metals were adsorbed on the PAC surface and also by biomass [15, 22] . Wang and co-workers [32] conducted a similar test on the sequencing batch reactor pilot device using wastewater from a chemical industry to study the removal of TOC with PAC. They found that PAC alone removed 38% of the TOC and that the APAC scheme resulted in 68% removal efficiency, which suggested that the remaining 32% of the organic compounds did not respond to adsorption and were not readily biodegradable due to their molecular characteristics. Before any additional removal of TOC, advanced oxidation of wastewater would be required [9, 10, 32] .
To compare the tests with different initial concentrations and to identify the most effective dosing point and dose of PAC, the removal of heavy metals (g/g) and TOC (mg/g) per 1 g of PAC was identified. The results are presented in Fig. 5 . The greatest removal of Cr per 1 g of PAC was achieved at 50 mg/L of PAC in Test 1 and at 10 mg/L of PAC in Test 2, with the removal of 2.7 g/g and 120 g/g, respectively. For Cu, the most effective dose in Test 1 proved to be 25 mg/L of PAC and in Test 2, 10 mg/L of PAC, which was similar to Cr. In the tests by Ong and co-workers conducted in synthetic wastewater, the following Qe-s were found: Cu 61 mg/g, Cd 22 mg/g, Zn 29 mg/g, Ni 33 mg/g, and Cr 10 mg/g [2] . The large difference between the tests conducted with synthetic wastewater and actual wastewater indicates that the compounds contained in the wastewater reduce the adsorption efficiency of heavy metals and that the adsorption capability depends on the concentration of the compounds found in the wastewater. The tests with synthetic wastewater have shown that higher concentrations of heavy metals can reduce the specific adsorption [2, 33] .
The results for TOC differed from those for heavy metals. In Test 1, the most effective PAC dose was 10 mg/L, with a respective TOC removal of 12 096 mg/g. In Test 2, where the same PAC dose proved to be the most effective, the achieved removal was 4060 mg/g. In a study conducted by Margot and co-workers, 10 mg/L was also the most effective dose for removing organic matter; the authors indicated that a higher dose would increase the treatment efficiency by a small degree, but given the increasing operating costs, it would not be justified [10] . The comparison of the two tests showed that a higher removal per 1 g of PAC was achieved in Test 2, except for TOC. The higher removal efficiency most likely resulted from the additional sorption by biomass, which increased the removal of heavy metals, and from the longer HRT of the process [2, 32, 34] . In terms of correlation, similar responses to adsorption in both tests were observed for As and TOC, but for the other parameters the same correlation was not found.
Based on the tests conducted, which took into account the PAC dose and Qe, the most effective doses of PAC to remove the studied parameters are presented in Table 4 . The data analysis also took into account the rationality aspect, where a 50% increase in the PAC dose was not justified in order to increase the removal efficiency by a small amount, such as a 2.7% increase in the removal of Ni. In Test 1, the most effective PAC dose was 34 mg/L as an average, and in Test 2, the most effective dose was 14 mg/L of PAC (cf. Table 4 ). The higher dose in the tertiary treatment was most likely due to the small concentration of suspended solids and the low sorption, whereas in the case of APAC, the circulation of unreacted PAC in the return activated sludge and the additional sorption by biomass were ensured. Leaving aside the costs of sludge treatment, the first technological solution appears to be more expensive (Test 1) than the second (Test 2) because the necessary PAC dose is higher. In addition, it would require additional equipment to remove PAC [35, 36] . For the APAC process, only a PAC dosing unit would need to be added, and PAC would be removed along with the waste activated sludge. Given the current technological level, this solution would require the waste activated sludge to be incinerated because the separate removal of heavy metals and other micropollutants from the sludge is very complicated [18, 29] . One of the advantages of the APAC process appears to be the improved nitrification. Several studies have demonstrated that PAC provides a good biofilm carrier for various nitrifying microorganisms, and positive effects have been observed for phosphorus removal [37, 38] .
CONCLUSIONS
Heavy metals and various organic micropollutants pose a serious problem in the environment. Although the sources of micropollutants are mostly products and production processes, wastewater and stormwater also transfer pollutants. Therefore, a need has arisen to remove these compounds at WWTPs. Various technologies are used, such as coagulation, advanced oxidation processes, and membrane filtration, but the technology most suited for the removal of heavy metals and organic pollutants is treatment with activated carbon.
This study examined the use of PAC at a WWTP and compared the effects of two different dosing points and various PAC doses on the treatment efficiency. In addition, this paper outlines the advantages and disadvantages for each of the solutions. The study revealed that both dosing points were suitable to remove heavy metals and TOC, but in terms of the treatment efficiency, using PAC as a tertiary treatment proved to be more effective for Cu and TOC. Dosing PAC into the bioreactor, on the other hand, was more effective at removing Cr, Ni, Zn, Pb, and As. The first technology, where PAC was dosed after the clarifier, requires larger investments because a mixing chamber, settlement tank, or postfiltration technology needs to be added, but its advantage is that the hazardous compounds are not released into the wastewater after having been concentrated. The second alternative, where PAC was dosed into the bioreactor, appears to be cheaper and more effective in terms of investments, but PAC, after having been concentrated with hazardous compounds, is removed along with the sludge, which makes the reuse of the sludge in a circular economy extremely complicated.
At a WWTP where the sludge is incinerated, it is reasonable to dose PAC into the bioreactor because it appears to be a more effective and cheaper solution. Phosphorus can also be recovered from the ashes of sludge. If the reuse of sludge immediately after stabilization is desired and the WWTP has enough land to build the necessary equipment, it is reasonable to dose PAC as a tertiary treatment. Possible technological solutions to remove or separate PAC contained in the activated sludge and the factors affecting the adsorption of the compounds need further monitoring. 
